We study the process of single-top production in association with a charged Higgs boson at the LHC and discuss how top-quark polarization and an azimuthal asymmetry Aϕ of the charged lepton from top decay can be used in some extensions of the Standard Model to determine or constrain the charged Higgs boson mass. We also discuss some scenarios where these variables can be used to distinguish between different models.
I. INTRODUCTION
Many extensions of the Standard Model (SM) give rise to the appearance of charged scalar particles. The discovery of a charged scalar at the Large Hadron Collider (LHC) would therefore be a clear sign of new physics. Searches for a charged scalar with a mass below the top-quark mass are being performed by the ATLAS [1] and CMS [2] collaborations in the process pp → tt with one of the top-quark decaying to a charged scalar and and a b-quark. So far, no evidence for the existence of a charged scalar has been found. Hence, limits have been set on σ(pp → tt) BR(t →bH + ). This result constrains in turn the parameter space of models with charged Higgs scalars like for instance the Minimal Supersymmetric Standard Model (MSSM) or two-Higgs doublet models (2HDM). Previous searches for charged Higgs at the Large Electron Positron (LEP) collider have set a lower limit on the mass of the charged Higgs boson of 80 GeV at 95% C.L., assuming BR(H + → τ + ν) + BR(H + → cs) + BR(H + → AW + ) = 1 [3] with the process e + e − → H + H − . If however BR(H + → τ + ν) = 1, the bound on the mass is 94 GeV [3] . Other searches for a light charged Higgs either have much smaller production rates or depend on the details of the scalar potential of the particular model under study [4] . Therefore, alternative studies to direct searches are important if one wants to increase the region of parameter space being probed in each model. These studies are even more useful if they just rely on the Yukawa couplings which is the case in this work.
While cross sections and branching ratios are the primary observables providing a test of the theory by means of simple number counting, there can be competing theories which predict the same number of events, possibly for different choices of parameters. It would be good, in such cases to have further discriminants which characterize the models in more detail. Final-state kinematic distributions can provide such discrimination, when sufficient number of events are available. In case of the production of heavy particles like the top quark, a further discriminant could be the polarization of the particle, if it can be measured with sufficient accuracy.
With this motivation, we analyse the different types of 2HDMs and make predictions for top-quark polarization when the charged Higgs of the model is produced in association with the top quark at the LHC. We then examine how this information could be used in the measurement of the charged Higgs boson mass, and also discriminating between different types of 2HDMs. We find that in some cases it is possible to use top polarization to measure the charged Higgs mass for particularly large values of either left chiral or right chiral Yukawa couplings, or alternatively to exclude regions in the mass-coupling parameter space. The polarization measurement can also resolve, in certain cases, the ambiguity in identifying the charged Higgs Yukawa couplings of various 2HDMs. Similar studies were performed for 2HDMs using tt spin correlations to analyse the charged Higgs Yukawa couplings in tt production using the decay t → bH + → bτ + ν τ [5] . The rest of the paper is organized as follows. In the next section we describe the advantages of studying top polarization, as also the procedure for its measurement. Section III describes both the CP-conserving and the CPviolating 2HDMs used as benchmark models together with the corresponding experimental and theoretical constraints. Section IV contains a discussion on the fermion couplings to charged Higgs bosons in various 2HDMs and how top polarization can be used to measure the charged-Higgs mass. In Section V we take up the issue of using top polarization and an azimuthal asymmetry of the charged lepton arising in top decay to distinguish among different 2HDM types. Section VI contains the conclusions.
II. TOP POLARIZATION AND ASYMMETRIES
While the cross section for top production can be used for a test of the production mechanism within a given model, it can often not discriminate between two models which can give the same cross section for some choice of parameters. In such cases, more detailed information like top polarization can be more useful in discriminating models. Being a parity violating quantity, polarization is a measure of the degree of parity violation. In particular, chiral couplings lead to parity violation and hence to the polarization of the top-quark.
Top pair production at hadron colliders in the SM occurs dominantly through parity-conserving strong interactions. As a result, t andt are produced unpolarized apart from tiny polarizations induced by weak interactions. Thus a measurable polarization in pair production signals contributions of new particles with chiral couplings. In single-top production in association with jets or with a W boson or with a charged Higgs boson, weak interactions contribute to the production process. These being chiral, top polarization would be non-zero and potentially large. In particular, the tb coupling to charged Higgs in 2HDMs is chiral in nature, with the dominant chirality depending on tan β (defined as the ratio of the vacuum expectation values (VEVs) of the two doublets) as well as on the particular model. It is thus reasonable to presume that a measurement of top polarization in the production of a single top in association with charged Higgs bosons can be a good discriminant of the category of the 2HDM for a certain range of parameters.
Polarization of the top, unlike that of lighter quarks, is in principle possible to measure because the former decays with a lifetime shorter than the hadronization time. Thus the decay preserves the polarization present at production. The distribution of the decay products of the top can thus be used to measure the polarization. For a heavy particle, the angular distribution of a particular decay product in the rest frame of the parent is given by (see, for example, [6] 
where θ * is the angle between the momentum of the decay product and the spin direction of the parent in the rest frame, P is the degree of polarization of the parent, and α is the analyzing power corresponding to the particular decay channel. The angular distribution equation (1) can be measured to determine the polarization P . However, this requires the rest frame of the decaying particle to be reconstructed, which, as is the case with the top quark, is often not easy and involves loss of efficiency. Thus it would be better to use the angular distribution in the laboratory frame to determine top polarization. In that case, the angles which can be used without full reconstruction of the top direction would be the polar and azimuthal angles of the decay particle with respect to the the beam axis as z axis, and a suitably chosen xz plane. We will choose the xz plane to be the production plane of the top quark, which requires only the determination of the transverse direction of the top quark.
The angular distribution of charged leptons in top decay, apart from having the advantage of being clean as compared to that of jets, is the most sensitive observable because the corresponding analyzing power α is maximal, viz., 1, at tree level, and receives only small corrections at higher order [6] . It has the further advantage that it is independent of anomalous tbW couplings in top decay to linear order in the anomalous couplings [7] . It is thus an uncontaminated measure of top polarization.
It must be borne in mind that the quantity which correctly determines the final state distributions is not the polarization, but the spin density matrix. Polarization is the difference in the diagonal elements of the (normalized) spin density matrix, whereas the correct decay distribution also requires the inclusion of the off-diagonal matrix elements to preserve coherence effects. In what follows, we include the full density matrix for top production as well as decay.
In addition, rather than making a fit to a distribution, it is more convenient to define an angular asymmetry, which is just a number, and compare it with the prediction to determine the polarization. While a forward-backward polar asymmetry is convenient to use for a pp collider or an e + e − collider, it vanishes in the case of a pp collider. We therefore make use of an azimuthal asymmetry A ϕ defined by
The azimuthal asymmetry was first proposed in [8] and subsequently studied in further detail as a measure of top polarization in [9] . Since then it has been used extensively in probing several new physics scenarios [10] [11] [12] [13] [14] . Stringent constraints on anomalous W tb couplings in single-top with associated W production were obtained in [10] . Top polarization as a means of studying CP violation in the same process was proposed in [11] . In Ref. [12] , it was shown that strong limits on top chromo-magnetic and chromo-electric couplings could be placed in top pair production utilizing top polarization and A ϕ . A ϕ for tH − production in type II 2HDM was proposed in [13] and shown in [14] to be robust under NLO corrections.
Here, we will calculate A ϕ for different values of parameters tan β and m H + in type I and type II 2HDMs and examine how it can serve to discriminate between different parameters in the same model, and between different models with the same values of the parameters.
III. TWO HIGGS DOUBLET MODELS
Many extensions of the scalar sector of the SM give rise to the appearance of charged scalar particles. Because these are spin 0 particles their Yukawa couplings to the third quark generation have the general form
where A t and A b are constants that depend on the particular model under study, m t and m b are the top-quark and the bottom-quark mass, respectively and γ L and γ R are the left-and right-helicity projection. Models with scenarios where the dominant term in equation (3) alternates between A t m t and A b m b , depending on the values of the parameters in the model, were previously studied in the literature. This is for instance the case of type II 2HDMs recently discussed in [13] [14] [15] . In the type II 2HDM A b = tan β = 1/A t and therefore the A t m t dominates for small values of tan β while the A b m b term takes over for large tan β leading to the possibility of a measurement of the tan β parameter. There are however models where only one of the two terms dominate in which case the dependence on A t and A b cancels and the top polarization depends only on the charged Higgs mass. This gives rise to the interesting possibility of measuring the charged Higgs mass using top polarization. As a simple realization of this situation we consider the example of a type I 2HDM where A t = A b = 1/ tan β. Further, there are scenarios in models where A t = A b where however one can easily find regions of the parameter space where A b m b A t m t . In this case again the constant dependence drops out and top polarization depends only on the charged Higgs mass leading to its indirect measurement. If indeed a complete agreement between the SM model prediction for the top polarization and its experimental measured value is found a limit on the charged Higgs mass can in principle be derived.
We will now briefly describe the 2HDMs which will serve here as benchmark models as they allow for the study of the different possibilities regarding the general form of the coupling in equation (3). Flavour changing neutral currents (FCNC) are extremely constrained by experimental data. The most general Yukawa Lagrangian in a model with two Higgs doublets gives rise to tree-level Higgs-mediated FCNCs. One way to circumvent this problem is to force the Higgs potential to be symmetric under a Z 2 symmetry such that one of the two Higgs fields is odd under this symmetry. The resulting Higgs potential can be written as
where Φ i , i = 1, 2 are complex SU (2) and λ 5 will dictate weather the model is CP-conserving or CP-violating (see [16] for a review). This, in turn, will give rise to different particle spectra: two CP-even Higgs states, usually denoted by h and H, and one CP-odd state, usually denoted by A for the CP-conserving case and three neutral states usually denoted by h 1 , h 2 and h 3 for the CP-violating potential. As long as electric charge is not broken [17] , the particle spectrum of the 2HDM is completed by two charged Higgs boson states, one charged conjugated to the other.
The charged Higgs Yukawa couplings are almost everything we need from each particular 2HDM Yukawa model to perform this particular study. Although neutral scalars could be involved in the process, these will not play a significant role in the analysis. Hence, the discussion is valid for both a CP-conserving and a CP-violating 2HDM where these couplings are the same. The CP-conserving model (taking all couplings in (4) and VEVs real) and the explicit CP-violating model presented in [18] are two such models. The CP-violating model is built such that the VEVs are real and CP is explicitly broken by taking m 2 12 and λ 5 to be complex. The usual definition of tan β = v 2 /v 1 can be kept because the VEVs are real in these two CP versions of the model. Extending the Z 2 symmetry to the Yukawa sector originates the four possible models Type I, Type II, Type Y (Flipped) and Type X (Lepton-Specific) [19, 20] , whose H ± couplings to fermions are presented in table I. In our study we have imposed the most recent bounds on tan β and on the charged Higgs mass [3, 21] . These bounds lead us to take m H ± > 90 GeV and tan β > 1 for types I and X. For model type II the bound on the charged Higgs mass in now m H ± > 360 GeV. However, we also present results for model type II, where the bounds on the charged Higgs mass can be evaded due to cancellations in the loop contributions from other sources of new physics. This partial cancellation of the charged Higgs loop with the chargino loop occurs in the MSSM in the contribution to b → sγ [22] . The bound m H ± > 360 GeV also applies to model Y and in this case also the branching ratio BR(H − → τν) is suppressed relative to all other types. As we will show later our analysis rely very much on a large BR(H − → τν) which leads us to discard model type Y from our analysis.
IV. MEASURING THE CHARGED HIGGS MASS WITH TOP POLARIZATION
As previously mentioned, we are considering the associated production of a charged Higgs boson with a top-quark, pp → t(t) H ∓ + X which proceeds at leading order via g b(b) → t(t) H ∓ . Before discussing the different scenarios we should make clear that all results presented in this work are for pp → tH − -the addition of pp →tH + amounts to an increase in significance by a factor of √ 2. There are two main scenarios to consider -the charged Higgs boson mass either below (light) or above (heavy) the top-quark mass. For a light charged Higgs we have the competition from pp → tt regarding the total number of charged Higgs being produced. However, since the latter is mainly a QCD process, its contribution to the top polarization and to the asymmetries is negligible. Nevertheless, in order to make meaningful predictions, pp → tt has to be considered as background to the process under study because it contributes to the total number of charged Higgs produced. As soon as the charged Higgs mass becomes larger than the top-quark mass this problem ceases to exist.
The top-quark mass threshold also plays a role in the charged Higgs decays. A light charged Higgs will decay mainly as H ± → τ ν and H ± → c s if decays to other scalars are disallowed. As we are excluding model type Y, in all other Yukawa versions of the 2HDMs, H ± → τ ν is the dominant decay and for model type II and X it is even very close to 100 % for most of the allowed parameter space. In figure 1 we present the BR(H ± → τ ν) as a function of the charged Higgs mass for tan β = 5 (left panel) and tan β = 30 (right panel). Present LHC data [23, 24] already tell us [25] that values far from sin(β − α) = 1 are disfavoured. So we took sin(β − α) = 1, 125 GeV for the lightest CP-even Higgs mass and 600 GeV for the remaining masses (if either H or A were much lighter, BR(H ± → τ ν) could be reduced). The parameter m 2 12 plays no role in the analysis. We conclude that for type I this branching ratio vanishes as soon as the H ± → t b channel opens. For models II and X it is clear that large values of BR(H ± → τ ν) are possible for charged Higgs masses well above the top mass and that it grows with tan β. We note that for a charged Higgs mass of for instance 160 GeV, the BR(H ± → τ ν) is already above 90 % for tan β = 1.5 in models type II and X while it has a constant value close to 70 % for type I. If all other Higgs are heavy and sin(β − α) ≈ 1, then the most important decay channel for the heavy charged Higgs boson is H ± → t b. This would lead to a bbbW W final state for which a dedicated analysis would have to be performed. Therefore our discussion will focus mainly on charged Higgs with masses below 250 GeV. If one of the other Higgs bosons is light enough the competing H ± → H(A) W ± channels would open which would lead to more manageable final states such as τ τ bW W . The heavy charged Higgs analysis will be presented elsewhere [26] . We start our discussion with the scenario where the main contribution comes from the left component of the coupling, that is, from A t m t γ L . This is the case of the types I and X 2HDM models. In all results presented we impose the following cuts on the lepton p T and on the lepton rapidity: p T < 20 GeV and |η | < 2.5. In the case of the A ϕ asymmetry we further require the top transverse momentum to be p T < 100 GeV. In the left panel of figure 2 we present the value of the top polarization, P t , as a function of tan β in type X (or type I, if one considers a slightly lower branching ratio for H ± → τ ν ) for three values of the charged Higgs mass and for √ s = 13 TeV and 100 fb −1 of integrated luminosity. The bands represent statistical and systematic errors added in quadrature (10 % systematic errors were assumed). In the right panel we show the asymmetry A ϕ as a function of tan β for the same mass values and for the same centre-of-mass energy but for 30 fb −1 of integrated luminosity. Again, the bands are the statistical and systematic errors added in quadrature. In this case we have assumed 5 % systematic errors because measuring A ϕ does not require the reconstruction of the top-quark. The production cross section σ pp→tH ± falls rapidly with tan β. As the statistical uncertainties are proportional to 1/ √ N , where N is the number of events, both statistical uncertainties ∆P t and ∆A ϕ grow rapidly with tan β. Therefore, only for values of tan β very close to 1 can we distinguish between the different values of the charged Higgs mass. In model type I the bands would be slightly larger due to the smaller value of BR(H ± → τ ν).
- As shown in [13] , in model type II the top polarization changes sign around the value tan β ≈ m t /m b where the coupling in equation (3) changes chirality. This is shown in the left panel of figure 3 where it is clear that the top polarization is negative for small tan β and positive for large tan β. As expected, top polarization becomes constant for large tan β and this happens for tan β ≈ 15. In the right panel of figure 3 we present P t as a function of tan β for three values of the charged Higgs mass, √ s = 13 TeV and 100 fb −1 of integrated luminosity. The bands represent statistical and systematic errors added in quadrature (10 % systematic errors were assumed). We can infer from this plot that it is possible to distinguish between different values of the charged Higgs mass by measuring the top polarization. In figure 4 we present similar plots but now for the A ϕ asymmetry. In this case the total luminosity considered was 30 fb −1 and we have considered only 5 % systematic error. It is clear that the trends are the same as the ones presented in figure 3 -the asymmetries are smaller for small tan β. As with P t , the larger the mass of the charged Higgs is, the less pronounced the differences between small and large tan β are. In the right panel we see that A ϕ is constant for large tan β and that it is possible to distinguish between different masses with the assumptions previously stated. Note that the width of the error bands grow with mass because the number of events decrease. One should note one more time that in all scenarios where the A t , A b dependence drops out, these parameters still play a role in setting a limit on the production cross section for a given luminosity. That is, the value of the constants A t and A b will be constrained by the specific experimental analysis being performed which obviously depends also on the luminosity.
The above discussion shows that it is possible in some cases to measure the charged Higgs mass for particularly large values of A t m t or A b m b or alternatively to set a bound on the (m H ± , A t /A b ) plane using top polarization or asymmetries measurements. We will now make an estimate on the excluded parameter space of a type II 2HDM if the measured observables would not deviate from the SM prediction for the process pp → tW − within a given precision. In order to make this estimate we consider that a hadronic tau will be detected with some efficiency and therefore we are looking for final states pp → t τ ν → b l τ / E where l is either an electron or a muon and / E is the missing energy. All remaining single top processes are considered to be background to this particular final state. We follow [27] case of the top polarization we can write
where P N P t and σ N P tot are the predicted polarization and total cross section, respectively, for the process pp → tH In figure 5 we present the excluded region in the (m H ± , tan β) plane for model type II using P tot t with the statistical and systematic errors added in quadrature. The plot shows that for a very light charges Higgs of around 120 GeV the results are similar to the ones obtained by ATLAS and CMS based on the searches σ(pp → tt) BR(t →bH + ) [1, 2] .
However, when all the data from the 8 TeV run is analysed the exclusion region will grow and will probably be better than our prediction for 8 TeV. Nevertheless, it is possible that our results can compete with the ones coming from σ(pp → tt) BR(t →bH + ) for the heavier charged Higgs region. Obviously, only after a detector level analysis is performed can we have a definite answer to that question. In figure 6 we present the excluded region in the (m H ± , tan β) plane for model type II but now using the A tot ϕ asymmetry with 5 % systematic error. The excluded region is not larger for A tot ϕ because although the systematic errors are expected to be smaller than the ones for P t , the values of A N P ϕ do not present a large variation with the mass for a fixed value of tan β as can be clearly seen in figure 4 .
Finally one should note that similarly to what happens for the ATLAS and CMS searches based on σ(pp → tt) BR(t →bH + ), in models types I and X only the low tan β regions shown in figures 5 and 6 could be probed with our analysis.
V. DISTINGUISHING TYPE X OR I FROM TYPE II MODELS
In this section we will discuss the possibility of distinguishing between models that have different left and right components in the charged Higgs Yukawa couplings. As previously discussed, the problem only arises in the region of the parameter space where the different models have similar values for the total production cross sections. If a charged Higgs boson is found and the number of events coming from pp → tH ± (→ X), where X stands for a generic final state for the charged Higgs decay, are compatible within the experimental error, we need to find an observable that allow us to tell the models apart. This analysis can be performed for a number models but we will focus on the cases of the 2HDMs type X and II. The only difference between type I and type X is the value of BR(H ± → τ ν) which is slightly smaller in type I. The behaviour of σ pp→tH ± BR(H ± → τ ν) is shown in figure 7 for √ s = 13 TeV and m H ± = 160 GeV for type X, type I and type II 2HDMs. It is clear that the number of events one would expect for tan β below 5 is very similar in models II and X and not very far away from what is expected for type I also. Hence, we will now check if top polarization and A ϕ can be used to distinguish between the models.
In the left panel of figure 8 we present top polarization as a function of the charged Higgs mass for √ s = 13 TeV and tan β = 5 for type X and type II 2HDMs. The bands represent statistical and systematic errors added in quadrature (10 % systematic errors were assumed). It is clear that even when all errors are considered, the bands do not intersect for a charged Higgs mass between 100 and 250 GeV. Hence, the models are clearly distinguishable for light charged Higgs and for a narrow range of tan β. In the right panel we have plotted the azimuthal asymmetry, A ϕ , as a function of the charged Higgs mass for the same value of tan β. In this case only very light charged Higgs would allow to tell one model from the other. This measurement has however the advantage of not requiring the experimental reconstruction of the top quark.
In figure 9 we have plotted the top polarization for two different scenarios regarding the p T of the reconstructed top quark. In the left panel we only kept the events with a top transverse momentum above 100 GeV while in the right panel we kept the events with a p T below 100 GeV. It is obvious that a lower bound in the top quark p T does not change the general trend previously observed with no cuts. On the contrary, the central values of the top polarization for each model are displaced to lower values but the intersection occurs for a slightly larger value of the charged Higgs mass. This shows that p T , along with our kinematic variables, can be used to maximise the chances of distinguishing between models.
VI. CONCLUSIONS
We have investigated in detail various scenarios of 2HDMs where top polarization can play a role in the determination of the mass as well as the Yukawa couplings of the charged Higgs boson at the LHC in the process of single top production in association with a charged Higgs. Being a parity-odd observable, polarization can play a significant role in processes where the Yukawa couplings have a particular dominant chirality. We have shown that top polarization and the azimuthal asymmetry, A ϕ can be used to measure the mass of a charged Higgs boson in particular regions of the model's parameter space. If a charged Higgs is not found these observables can help to constrain the parameter space of the model. In particular, for type II 2HDM, measurement of polarization and A ϕ can provide information on the charged-Higgs mass with a fair degree of accuracy for values of tan β less than about 3, or greater than about 30. For type I and type X models, the only accessible region is the very low tan β region -as the cross section decreases steeply with tan β, the statistical errors become quite large for the higher values of tan β. Model Y, with its low branching ratio BR(H − → τν), does not lead to sufficient number of events for mass determination, and was dropped from the analysis. However it is clear that our variables can be used to exclude regions of parameter space of the type II models.
There are scenarios where several models give rise to the same prediction regarding the number of events with charged Higgs bosons. We have shown that if a charged Higgs boson is discovered at the LHC, the observables P t and A ϕ are a tool to characterise the charged Higgs Yukawa couplings and therefore to help to identify the underlying model. In 2HDMs this situation occurs for the low tan β region but the method can be used for any models where the terms corresponding to left and right chirality are different.
In our analysis we have assumed presently allowed values of the 2HDM parameters. We have compared our exclusion plot for the 8 TeV run and 20 fb −1 of integrated luminosity with the ones presented by the ATLAS and CMS collaborations based on pp → tt with one of the top quarks decaying into a charged Higgs and a b-quark. We concluded that our results could be competitive with theirs in the charged Higgs mass region above about 150 GeV. Finally we have repeated the analysis for integrated luminosities in the range of 30 to 300 fb −1 at a future LHC run at 13 GeV. We found that it should be possible to observe or rule out parameter space in some 2HDMs scenarios from LHC data in the coming years.
